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INTRODUCTION
Heterostructures, integrating distinct components with different functionalities in one system, have attracted tremendous attention due to their fascinating properties and various potential applications. [1] [2] [3] [4] [5] Among the methods for preparation of heterostructures, epitaxial growth 6 is an effective strategy for construction of novel heterostructures with promising applications in electronics, [7] [8] [9] optoelectronics, [10] [11] [12] thermoelectronics, 13, 14 and catalysis. 15, 16 For example, recently two-dimensional (2D) transition metal dichalcogenide (TMD) nanosheets (NSs) have been used as a platform for construction of heterostructures through the vertically or laterally epitaxial growth of other nanomaterials. [17] [18] [19] [20] However, the epitaxial growth of lateral heterostructures at However, both components in the aforementioned lateral heterostructures are limited to TMD NSs. The aforementioned lateral heterostructures with unique optical and electrical properties are key components for construction of p-n rectifying diodes, light-emitting diodes, photovoltaic devices and transistors. [21] [22] [23] [24] [25] To the best of our knowledge, there is no report on the preparation of epitaxial heterostructures with interface at the edges of TMD NSs and other non-layered nanomaterials.
Here, we report a wet chemical method for the controlled synthesis of a new type of heterostructures, in which 2D TMD NSs, i.e. MoS 2 and MoSe 2 , are vertically grown along the longitudinal direction of one-dimensional (1D) Cu 2-x S nanowires (NWs) in an epitaxial manner.
The lateral size of synthesized TMD NSs can be well tuned from less than 2 nm to ~10 nm by changing the amount of injected chalcogen precursors. After the cation exchange of Cu in the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 form a yellow dispersion. The dispersion was transferred into an autoclave (volume 23 mL) and kept in the oven at 200 ºC for 3 h. After being cooled down to room temperature, the product was collected by centrifugation at 6,000 r.p.m for 3 min, washed with ethanol for 3 times, and finally dispersed in 6 mL OM. amount of MoSe 2 . The product was collected by centrifugation at 6,000 r.p.m for 3 min, and then washed with toluene for three times. The obtained product can be well dispersed in toluene. The product was collected by centrifugation at 6,000 r.p.m for 3 min, and then washed by toluene for three times. The obtained product can be well dispersed in toluene. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 7 room temperature. The CdS-MoS 2 heterostructures were collect by centrifugation at 6,000 r.p.m for 3 min, and then washed with toluene for three times.
Synthesis of Cu

Synthesis of CdS-MoS
Characterization. X-ray diffraction (XRD) patterns of the dried products were recorded on
Bruker D8 diffractometer with a slit of (1/2)° at a scanning rate of 1° min 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 8 Photocatalytic hydrogen Evolution. The photocatalytic activity was evaluated by using watersoluble CdS-MoS 2 heterostructures as photocatalyst. 5 mg of CdS-MoS 2 photocatalyst were suspended in 10 mL aqueous solution containing 10 vol% of TEA used as the sacrificial agent.
The suspension was sealed in a quartz vessel and purged with nitrogen for 30 min to remove oxygen. After that, the vessel was exposed under a 300 W Xenon lamp (MAX-302, Asahi Spectra Company, Led.) coupled with a UV cut-off filter (>420 nm) to evaluate the photocatalytic activity under the visible-light irradiation. The H 2 product was analyzed periodically by gas chromatograph (GC, Agilent 7890A) with a thermal conductivity detector (TCD).
RESULTS AND DISCUSSION
The Cu 2-x S-MoX 2 (X=S or Se) heterostructures were synthesized by a seeded-mediated growth method, in which the Cu 2-x S NWs, obtained from the transformation of CdS NWs, were used as the seeds (Fig. 1a , see Experimental Section for details). By using the reported solvethermal method with slight modification, 26 CdS NWs with diameter of about 30-50 nm and length of about 1-3 µm were synthesized (Fig. S1 ). After cation exchange of CdS NWs, the obtained Cu 2-x S NWs still kept the 1D morphology and their crystalline structure was confirmed by XRD and TEM (Fig. S2) . To fulfill the directional growth of TMD NSs on 1D Cu 2-x S NWs, the chalcogen precursor solution was slowly injected with a syringe pump into a mixture, containing 1D Cu 2-x S NW seeds, molybdenum precursor and oleylamine, at 200 ºC. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 9 respectively). The successful preparation of Cu 2-x S-MoSe 2 heterostructures was further confirmed by XPS (Fig. S5) . The HRTEM image (Fig. 1c) clearly shows that the as-prepared 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 performed (Fig. 2) . In the HAADF-STEM images taken from the body (Fig. 2a ) and the tip ( (Fig. 2e) .
In our experiment, the solution of chalcogen precursors was injected by a syringe pump into the mixed solution of Cu 2-x S NW seeds, molybdenum precursor and oleylamine. Therefore, the loading amount and lateral size of the formed MoSe 2 NSs can be tuned by controlling the injection amount of precursors. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 increase the volume of Se precursor solution, the lateral size of the grown MoSe 2 NSs gradually increase, i.e., 1−2 nm (Fig. 3a) , ~5 nm (Fig. 3b ) and ~10 nm (Fig. 3c) using 0.5, 1 and 1.75 mL of Se precursor solutions, respectively. The loading amount of MoSe 2 NSs on Cu 2-x S NWs continuously increases with the injection volume of Se precursor solution. As shown in Fig. 3d and Table S1 , the loading amount of MoSe 2 NSs can reach 13.6% after 1.75 mL of Se precursor solution were injected.
Impressively, our method can also be used to synthesize Cu 2-x S-MoS 2 heterostructures by simply changing the Se precursor to S precursor (see Experimental Section for details). The density and lateral size of the MoS 2 on Cu 2-x S NWs also can be systematically controlled by tuning the addition amount of the sulfur precursor solution (Fig. 4 d-g ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 precursor solution. Noted that quite thick layers of MoS 2 nanosheets covered the entire surface of Cu 2-x S NWs can be obtained after 2 mL of sulfur precursor solution was injected (Fig. 4f) .
Similarly, the loading amount of MoS 2 nanosheets on Cu 2-x S NWs also continuously increase with the injection amount of S precursor solution. As shows in Fig. 4g , the loading amount of MoS 2 can be reached at 9.3% after 2 mL of sulfur precursor solution were added.
All the aforementioned results demonstrate the successful construction of epitaxial heterostructures, in which 2D MoS 2 or MoSe 2 NSs vertically grown along the longitudinal direction of 1D Cu 2-x S NWs. It is different from the previously reported 2D/1D heterostructures in which the orientation of 2D components is random. 28 In our synthesized heterostructures, the well-matched lattice parameters between MoX 2 (or X=S or Se) and Cu 2 S ensure the epitaxial growth of high-density 2D MoX 2 NSs on 1D Cu 2 S NWs.
Recent studies proved that MoS 2 is a promising co-catalyst alternative to platinum for the photocatalytic hydrogen evolution reaction (HER), owing to its relatively low cost, earth abundance and high catalytic activity. [29] [30] [31] [32] In this work, by using the cation exchange method, the (Fig. S13-15 ). Note that the aforementioned CdS-MoS 2 heterostructures cannot be directly synthesized by using CdS NWs as seeds. As a proof-of-concept application, the CdS-MoS 2 heterostructure was used as photocatalyst for HER under visible light irradiation (λ > 420 nm). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 as shown in Fig. 5f . After four cycles, it does not show significant loss of activity, indicating its good stability for photocatalytic H 2 evolution.
CONCLUSION
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